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Summary

The interlaminar fracture toughness of graphite/
epoxy woven composites was determined as a func-
tion of stacking sequence, thickness, and weave pat-
tern. Plain, oxford, 5-harness satin, and 8-harness

satin weave patterns of T300/934 fabric were evalu-
ated by the double cantilever beam test. The fabric
had a mode I critical-strain-energy release rate (GIc)

ranging from two to eight times greater than that
of a 0° unidirectional T300/934 tape material. The
interlaminar fracture toughness of a particular weave
pattern was dependent on whether the stacking se-
quence was symmetric or asymmetric and, in some
cases, on the fabric orientation.

Introduction

Low-velocity impact studies (refs. 1, 2, and 3)
of brittle graphite/epoxy composites, conducted in
the late 1970's, indicated that low-velocity impact
resulted in significant reductions in compression-
after-impact strength. To improve the compression-
after-impact strength of the composite, modifica-
tions of existing resins, new rubber-toughened resins,
thermoplastics, and interleaving concepts are being
developed. Most of these toughened epoxies, ad-
vanced thermoplastics, and high-strain fibers have
shown only modest improvements in their fracture
toughness and damage resistance (refs. 4, 5, and 6).
A recent study (ref. 7) showed that two new mate-
rial systems, IM7/8551-7 and IM6/1808I, have sig-
nificant improvements in compression-after-impact

strengths as compared with brittle graphite/epoxy
material systems. However, these materials are ex-
pensive and lower cost systems are needed for fab-
rication of cost-effective aircraft structures. An-

other approach to improve damage tolerance is to use
advanced fiber architectures that provide improved
out-of-plane strength. These innovative fiber archi-
tectures include "thru-the-thickness" reinforcement

such as stitching ( ref. 8) and a variety of textile
techniques such as weaving, braiding (ref. 9), and
knitting (ref. 8).

The objectives of the present investigation were
to determine if significant improvements in the inter-
laminar fracture toughness of a brittle epoxy resin
composite could be achieved through the use of wo-
ven fabrics and to determine the effect of various

weave patterns on the interlaminar fracture tough-
ness. Four woven graphite-fiber fabric styles (plain,
oxford, 5-harness satin, and 8-harness satin) were im-
pregnated with Fiberite 1 934, The mode I critical-
strain-energy release rate of the processed lami-
nates was determined using the double cantilever

1 Trademark of the Fiberite Corporation.

beam (DCB) test. The effects of stacking sequence,
specimen thickness, and fabric orientation were
investigated. The results from the woven fabric
laminates are compared with the results from a 0 °
unidirectional tape composite.

Materials and Tests

Graphite-Fiber Fabrics

The fabrics tested in this investigation were made
from Thornel 2 300-3K fiber which is a commercially
available, continuous high-strength fiber. As shown
in figure 1, the fiber was woven into the following
fabric styles: plain, oxford, 5-harness satin, and
8-harness satin. For each fabric style the warp
yarns are indicated by a dot pattern and the fill

yarns are shown in a solid pattern. The following
observations are noted for each fabric style. The
plain weave fabric has the same yarn pattern for
upper and lower surfaces in both the warp and fill
directions. The oxford weave fabric has the same

yarn pattern for upper and lower surfaces; however,
there are differences in the warp and fill directions
of each surface. The oxford weave has two fill yarns
woven together, whereas the other weave styles have
individual warp and fill yarns woven in a repeat
pattern. The upper-surface yarn patterns for the
harness weave fabrics are dominated by the warp
yarn "floats," where a float is a given segment of
uncrimped yarn passing over more than one yarn
in the orthogonal direction. The lower-surface yarn
patterns for the harness weave fabrics are dominated
by the fill yarn floats.

The plain weave fabric was woven by Textile
Technologies, Inc., and the other three fabrics were
woven by the Fiberite Corporation. Each fabric,
except the plain weave, had a warp and fill count
of 18 ends per inch. The plain weave fabric had a
warp and fill count of 19 ends per inch. Also shown
in figure 1 is the coordinate system used throughout
this investigation.

Epoxy Resin Matrix

All the fabrics were impregnated with Fiberite
934, a 350°F cure thermoset epoxy resin. The resin is
based on a tetraglycidyl epoxy (MY720) cured with
a diamine curing agent (DDS) (ref. 10). Neat resin
mechanical properties can be found in the Fiberite
Materials Handbook.

Laminates

The DCB test specimen requires that a simulated
crack be machined or fabricated into one end of the

2 Trademark of Union Carbide Corporation.



testspecimenprior to testing.In this investigation,
stripsof 1-mil-thickKapton3 or Teflon3 film were
placedat themidplaneofthe laminatespriorto pro-
cessingto simulateapreexistingcrack(ref. 11).The
testproceduresoutlinedin reference11specifythat
the warpyarnsshouldbealignedwith the longitu-
dinal directionof the DCBspecimen.Therefore,a
crack-starterstrip wasplacedperpendicularto the
warpyarns. Sincethe effectof fabricorientation
ontheinterlaminarfracturetoughnessofthevarious
fabricswasdesired,crack-starterstripswereplaced
perpendicularto the fill yarnsto permit testingin
the fill directionof the laminates.Thepositionof
thesimulatedcrackwith respectto thefinaldimen-
sionsof the testspecimenwill bedetailedin a later
section.

The wovenfabricwaslaid up in the following
two mannersfor the oxford,5-harnesssatin, and
8-harnesssatinweavepatterns:

1. Two side-by-sidestacksof fabric prepreg
werelaid up to the desiredhalf-thickness.The
crack-starterstrips wereplacedin positionand
thetwoprepregstackswerethen foldedtogether
in a mannersimilar to that of closinga book.
Thus, at the midpIaneof the laminates,the
warp yarn floatsof eachstackwerein contact
andparallelto oneanother.For eachfabrican
8-plyanda 16-plylaminatewerefabricatedusing
theaforementionedprocedure.Themateriallaid
up in thismannershallbereferredto asbeingin
the "folded"configuration.Thefoldedconfigura-
tion resultedin symmetriclaminates.

2. Two side-by-sidestacksof fabricprepreg
werelaidup to thedesiredhalf-thicknessandthe
crack-starterstripswereplacedin position.One
stackwasplaceddirectlyontopof theothercon-
tainingthecrack-starter strips. Thus, at the mid-
plane the warp yarn floats of one stack were in
contact with and perpendicular to the fill yarn
floats of the other. This "stacked" configura-
tion resulted in asymmetric laminates. Only
16-ply laminates were fabricated in the stacked
configuration.

Differences at the midplane of the two lay-up proce-
dures are illustrated in figures 2 and 3 for the folded
and stacked configurations, respectively, for the 8-

harness satin weave fabric. Figures 2(a) and 3(a)
show a midplane crack growing in the warp direc-
tion, and figures 2(b) and 3(b) show the crack grow-
ing in the fill direction, respectively, for the folded
and stacked configurations.

3 Trademark of E. I. du Pont de Nemours & Co., Inc.
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A very limited supply of the plain weave style
of fabric was available. To reduce the amount of

material used, a 16-ply laminate was fabricated from

2 plies of plain weave fabric with 7 plies of oxford
weave fabric on both the top and bottom. Thus, the
laminate was 16 plies thick with a crack-starter strip
at the midplane of the laminate between the two plies
of the plain weave fabric.

For reasons that will be discussed in a later sec-
tion, data were desired from a 0 ° unidirectional
T300/934 tape laminate with the fibers normal to the

specimen longitudinal axis. A 32-ply T300/934 tape

laminate was fabricated with a lay-up of [015, 90Is.
A crack-starter strip was placed between the two 90°

plies at the edge of the laminate and aligned with
the 90 ° fabric. This configuration was used to obtain

the desired 90 ° data. Fracture toughness data for
a unidirectional [0]24 T300/934 tape laminate were
available from a previous study (ref. 12) and were
used for comparison purposes.

The mater]Ms were=cured at the NASA Langley
Research Center following the manufacturer's rec-
ommended cure cycle. The laminates were subse-
quentiy C-scanned to detect any voids or anomalies
and to verify the correct placement of the Teflon or
Kapton crack-starter material. All laminates were
acceptable, r: :=::

Weave Cross Sections

In figures 4 through 7, photographs of polished
cross sections of the oxford and 8-harness satin weave

laminates are shown in both the warp and the fill

directions for the folded and stacked configurations.
The folded configuration of the oxford weave is shown
in figure 4. In the warp direction, the warp yarn
pattern of over two and under two fill yarns is easily
discernible. The pattern is regular throughout the
thickness with no abrupt change in the pattern at
the midplane. In the fill direction of the folded

configuration, as shown in figure 4, the relatively
straight fill yarns are visible as well as some siz-
able resin-rich areas.

Polished cross Sections of the stacked configura-
tion of the oxford weave in both the warp and the fill
directions are shown in figure 5. The pattern of the
warp and the fill directions of the stacked configura-
tion looks very similar to the respective patterns of
the folded configuration. As previously stated, the
top and bottom surfaces of the oxford weave fab-
ric have the same yarn pattern but with differences
in the warp and fill directions, and therefore the
respective patterns of the folded and stacked con-
figurations are similar, as indicated in figures 4
and 5.



In figure6thepolishedcrosssectionsof the folded
8-harness satin weave in both the warp and the
fill directions are shown. The symmetry about the

midplane is clearly visible.
In figure 7 the polished cross sections of the

stacked 8-harness satin weave configuration in both

the warp and the fill directions are shown. In both di-
rections the pattern is similar throughout the thick-
ness and is not disrupted at the midplane. In the
stacked configuration, a "top" fabric surface and a
"bottom" fabric surface meet at the midplane (see

fig. 3), whereas in the folded configuration, two "top"
fabric surfaces meet at the midplane. Hence, the
stacked configuration is not symmetric about the
midplane.

Specimen Geometry and Testing Procedures

A sketch of a double cantilever beam (DCB) speci-

men is shown in figure 8 along with other perti-
nent information. The fiber volume fractions were

obtained by the acid resin digestion method speci-
fied by the American Society for Testing Materials
(ASTM D-3171). Specimens were tested in both the
warp and the fill directions of the woven laminates.
Test specimens in which the warp fibers are parallel
to the length of the test specimen shall be referred
to as being tested in the warp direction of the fabric,
and specimens in which the fill fibers are parallel to
the length of the test specimen shall be referred to as
being tested in the fill direction of the test specimen.

The DCB specimens of the oxford and satin
weaves were 1.5 in. wide and 9 in. long. The crack-
starter strips were positioned such that the simulated
crack ran the entire width of the specimen and 1.5 in.
into the specimen from the outer edge as shown in

figure 8.
The plain weave specimens were 1.5 in. wide

and 3.5 and 3.25 in. long for the specimens tested

in the warp and fill directions, respectively. The
crack-starter strips were positioned such that the
simulated crack ran the entire width of the specimen
and 1.25 in. into the specimen from the outer edge
as shown in figure 8.

The [015, 90]s tape specimens were 1.5 in. wide
and 10 in. long. The tape specimens were tested
with the 90 ° fibers normal to the length of the test

specimen. The crack-starter strips were positioned
such that the simulated crack ran the entire width of

the specimen and 1.5 in. into the specimen from the
outer edge as shown in figure 8.

Hinges were bonded as illustrated in figure 8 and,
in some cases, were mechanically fastened to the
specimens in a manner similar to that outlined in
reference 11. Five replicate specimens were fabri-
cated for testing in each test direction, each thick-

ness, and each stacking sequence for the oxford,
5-harness satin, and 8-harness satin weave materials.

Four specimens in each test direction of the plain
weave material and four specimens of the tape mate-
rial were fabricated for testing. All specimens were
tested; however, occasional bond failures between the

hinge and the composite specimen resulted in fewer
data obtained than the full number of fabricated test

specimens.
The specimens were tested in a screw-driven test-

ing machine. A direct-current displacement trans-
ducer (DCDT) was used to measure crosshead mo-
tion. A crosshead rate of 0.5 in/min was used. The

sides of the specimens were painted with a water-
based white paint to aid in crack-length detection.
The test procedures and the energy-area integration
method of determining the mode I critical-strain-

energy release rate (Glc) outlined in reference 11
were followed.

As previously stated, data from reference 12 for
[0]24 T300/934 DCB specimens were used for com-
parison purposes. The 1.0-in. by 10.0-in. speci-
mens were tested in a manner similar to those in

the present study except that a crosshead rate of

0.02 in/min was used.

Results

Effect of Thickness

The GIc values for the 8-ply and 16-ply symmet-
ric (folded) specimens of the oxford, 5-harness satin,
and 8-harness satin weaves are shown in figure 9 for

the specimens tested in the warp direction and in fig-
ure 10 for the specimens tested in the fill direction.
Shown above each bar at the top of the figure are
the number of data points for which Glc was calcu-
lated for the respective test configuration. The stan-
dard deviation is indicated by the range lines drawn

through each bar. The results shown in figures 9
and 10 indicate that Glc was not dependent upon
the thickness of the test specimens for either of the

three weaves. Since Glc was not thickness depen-
dent, the remaining laminates were evaluated with
16 plies only.

Effect of Stacking Sequence

Folded configuration. The data shown in figures 9
and 10 indicate significant differences in Glc as a
function of midplane fiber orientations relative to

the longitudinal axis of the test specimen. The
16-ply data from figures 9 and 10 are compared in
figure 11 along with the 24-ply unidirectional tape
data from reference 12. The specimens tested in



the fill direction consistently had a higher Glc than

the specimens tested in the warp direction. The

Glc value of the woven materials was two to eight

times greater than that of the 0 ° unidirectional tape
material. Detailed observations of the failure surfaces
will be discussed and correlated with test direction

in a subsequent section.

Stacked configuration. In figure 12 the warp and

fill data in the stacked form are similarly compared
with the [0]24 tape data from reference 12. For the

satin and plain weaves, Glc was not a function of test

direction although the oxford weave still exhibited di-

rectional dependency. The large standard deviation
obtained for the plain weave fabric could be due to

its shorter specimen length which necessitated using

much smaller crack-growth intervals. The Glc val-

ues of the woven materials in the stacked configura-

tion were three to six times greater than those of the
0 ° unidirectional tape material. In the next section
detailed observations of the failure surfaces will be

discussed and correlated with the stacking sequence.

Failure Surface Observations

Plain weave. As discussed previously, the plain

weave specimens were composed of two plies of plain

weave fabric at the midplane with seven plies of ox-
ford weave fabric on both the top and bottom. Also

recall that the plain weave fabric has the same upper-

and lower-surface yarn pattern in both the warp

and the fill directions. Figure 13 shows photographs
of the failure surface of the plain weave specimens

tested in the warp and fill directions; both faces of

the failure surface are shown although they are not
opposing faces. The failure surfaces of the material

tested in both the warp and the fill directions are

similar in appearance with respect to fiber breakage

and weave pattern. The failure surfaces clearly show

that the crack propagated in the plane of the plain
weave and did not grow into the oxford weave or the

oxford/plain weave interracial regions.

specimens were different in appearance depending on

the test direction. The failure surfaces of the speci-

mens tested with the warp fibers parallel to the longi-
tudinal axis of the specimen are similar to those of

a unidirectional tape material in the sense that little

fiber breakage is evident, whereas the failure surfaces

of the specimens tested with the fill yarns parallel to
the longitudinal axis of the specimen show more fiber

breakage.

It is postulated that once a crack has started to

grow in the specimens in which the fibers run pre-

dominantly parallel to the length of the specimen,

the crack grows in the same plane down the length
of the specimen. When the crack encounters mis-

aligned fibers, it pulls the fiber out of the matrix and

eventually breaks the fiber. In the specimens that
have fibers running predominantly across the width

of the specimen, the crack either must continually
change directions as it grows over or under the fibers

or must fracture the fibers. The crack front may not
always grow in a straight line across the width of

the specimen. It has been shown in DCB specimens
made from tape composite materials that the crack

front grows in a parabolic shape across the width of

the specimen (ref. 13). When the crack front grows

in a parabolic manner, the same fiber may be bro-

ken in more than one location across the specimen.
Therefore, it requires more energy for the crack to

continually change directions and to fracture fibers,

and this increase in energy results in a higher Glc.

Figure 15 shows the failure surface of the stacked

configuration of the oxford weave. Both sides of the

failure surface of the material tested in the warp
direction have the same appearance and are similar
in appearance to the failure surface Of the folded

configuration of the oxford weave tested in both

the warp direction and the fill direction shown in

figure 14.

Oxford weave. Figure 14 shows the failure sur-

faces of the oxford weave in the folded configuration

tested in both the warp and the fill directions. The

failure surface of the material tested in the warp di-

rection clearly shows the warp yarns, which are paral-

lel to the direction of crack growth, running over and

under the two fill yarns. Since the oxford weave fabric

has the same upper- and lower-surface yarn patterns

but with differences in the warp and fill directions,

both sides of the failure surface of specimens tested

in either direction are similar in appearance. How-
ever, the failure surfaces of the folded oxford weave

The similarity between the folded and stacked

configurations is not unexpected since the oxford

weave pattern is essentially the same when viewed

from the top and bottom surfaces (fig. 1). Since the
weave pattern is the same on the top and bottom

surfaces, the crack growth occurred between plies of

tile same fabric pattern regardless of the stacking se-
quence; therefore, the GIc values would be expected

to be approximately the same for both stacking se-

quences, as, in fact, they were. However, since the

warp- and fill-direction yarn patterns were different,

the failure surfaces were different and Glc varied with

4



the midplane fiber orientation relative to the longi-
tudinal axis of the test specimen.

5-harness satin weave. As shown in figure 1,

the pattern of the satin weaves is not the same on
the top and bottom surfaces and should result in
a failure surface appearance and GIc dependent on
whether two similar or two dissimilar surfaces are

located at the crack plane. In figure 16 the failure
surfaces of the 5-harness satin weave composite in

the folded configuration are shown. Both sides of
the failure surfaces are similar. In the warp direction

the largest percentage of the visible fibers (warp yarn
floats) run parallel to the direction of crack growth,
whereas in the fill direction they run perpendicular
to the direction of crack growth. The Glc value was
substantially higher for the material tested in the fill
direction.

Figure 17 shows the failure surfaces of the stacked
configuration of the 5-harness satin weave material.
Both sides of the failure surface of the material tested

in the warp and fill directions are similar in appear-
ance. The failure surfaces of the stacked configura-

tion generally resemble each other regardless of the
test direction, and GIc is essentially the same for
both test directions.

8-harness satin weave. In the folded configura-
tion of the 8-harness satin weave shown in figure 18,
both sides of the failure surface for either the warp or
the fill test directions are similar in appearance. In

the warp direction the largest percentage of visible
fibers (warp yarn floats) run parallel to the direction
of crack growth, whereas in the fill direction they run
perpendicular to the direction of crack growth. In the
5-harness satin weave material in the folded configu-

ration, the specimens with the largest percentage of
visible fibers perpendicular to the direction of crack
growth had a higher GIc than those with the largest
percentage of fibers parallel to the direction of crack
growth.

When the 8-harness satin weave specimens in the

stacked configuration are tested in the warp direction
(see fig. 19), the floats in the fill direction and the
crimped warp yarns are clearly visible in both failure
surfaces. Both sides of the failure surface are similar

in appearance. The failure surfaces of the stacked 8-
harness satin specimens were similar regardless of the
test direction, as was the Glc value for this material

in this configuration.

General Findings for Folded Configuration

For all materials fabricated in the folded con-

figuration, GIc depended on the direction of crack

growth. (See fig. 11.) When the largest percentage
of the fibers at the midplane were perpendicular to
the direction of crack growth, the failure surfaces ex-
hibited more fiber breakage. The additional energy

required to break the fibers resulted in a higher GIc
for these materials.

Satin weave specimens tested in the warp direc-
tion have fibers predominantly parallel to the direc-
tion of crack growth similar to that for a 0 ° unidirec-
tional tape specimen, whereas satin weave specimens
tested in the fill direction have fibers predominantly

perpendicular to the direction of crack growth similar
to that for a 90 ° unidirectional tape specimen. More

energy was required to propagate the crack when the
largest percentage of fibers were perpendicular to the
direction of crack growth. Therefore, it was antici-
pated that a tape laminate tested with fibers 90° to
the longitudinal axis would result in a higher Glc.

Since data from unidirectional tape laminates
tested in the 90 ° direction were not available for

comparison, a [015, 90Is laminate was fabricated and
specimens were machined, as previously described,
to evaluate the interlaminar fracture toughness in
the 90° direction. Data from these specimens and
data from the 0 ° unidirectional specimens (ref. 12)

are shown in figure 20. The Glc value of the 90 °
specimens was six times greater than that of the 0°
specimens. Figure 21 shows photographs of the fail-
ure surface of a [015, 90]s specimen. Both sides of the
failure surface are similar in appearance. The fail-
ure surface shows the 90° plies perpendicular to the

direction of crack growth and a portion of the under-
lying layer of 0° fibers. The crack grew through the
90 ° plies as well as alternating between the 0° and
90 ° ply interfaces. The tape data confirm the trend
observed for the satin weave and oxford weave data;

that is, when the fibers are predominantly perpen-
dicular to the direction of crack growth, the mate-
rial exhibits a higher interlaminar fracture toughness
than when the fibers are predominantly parallel to

the direction of crack growth.

Although the Glc value of the 90° composite was

higher than that of the 0° composite, this difference
does not translate directly to a higher GIc for most
structural components made from this material sys-
tem. In general, the direction of maximum loading
in structural components is in the same direction as
the length of the fibers rather than 90° to the length
of the fibers. Typically, structural components are
loaded in more than one mode (tension, shear, peel,

etc.) which results in a mixed-mode strain-energy re-
lease rate controlling the failures due to crack growth.



General Findings for Stacked Configuration

For the materials fabricated in the stacked config-

uration (see fig. 12), the oxford weave material tested
in the fill direction had the highest Glc and had the

majority of fibers running perpendicular to the di-
rection of crack growth. The plain weave material

(tested in either the warp or the fill directions) had
the next highest GIc. This material had approxi-

mately the same percentage of fibers running both

parallel and perpendicular to the direction of crack

growth. The oxford weave material tested in the
warp direction had the lowest GIc. Its failure sur-

face was very clean with very few broken fibers.

Concluding Remarks
Results of interlaminar fracture toughness have

been obtained from double cantilever beam specimen

tests for graphite/ep0xy (T300/934) composites for

plain, oxford, 5-harness satin, and 8-harness satin

weave patterns. The mode I critical-strain-energy

release rate (Glc) was independent of thickness for

the 8-ply and 16-ply specimens tested. All the wo-

ven fabric materials had a GIc value significantly

higher than that of the 0° unidirectional tape mate-

riM. Two different stacking sequences (symmetrical

and asymmetrical) of the oxford, 5-harness satin, and
8-harness satin weaves were evaluated. The oxford

weave exhibited a Gic that was a function of mid-
plane fabric orientation for both stacking sequences

evaluated. The satin weave materials exhibited a Gic

that was a function of fabric orientation but only for

the symmetrical (folded) configuration. The direc-

tional dependence of GIc for the fabrics is attributed

to the pattern of the yarn "floats" in relation to the

direction of crack growth. More energy was required

to propagate cracks across the yarns rather than par-

aim to the yarns, which resulted in a higher GIc.

In this study, the Gic value of the fabric-
reinforced composites ranged from 0.80 to 3.26 in-

lb/in 2, whereas that for the unidirectional compos-

ites was 0.5 in-lb/in 2 for approximately equivalent

fiber volume fractions. The tape data from the

[015,90]s laminate had a Glc value of approximately
2.4 in-lb/in 2, which confirmed that more energy was

required to propagate cracks across the fibers rather

than parallel to the fibers. These results clearly
demonstrate that woven composites can have a sub-

stantially increased GIc relative to the 0 ° unidirec-

tional tape composites comprised of the same fiber
and matrix materials.

NASA Langley Research Center
Hampton, VA 23665-5225
September 7, 1989
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Figure 1. Yarn patterns of plain, oxford, 5-harness satin, and 8-harness satin weaves.
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Warp

Fill

(a) Midplane crack growing in warp direction.

Figure 2. 8-harness satin weave fabric in the folded configuration.
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(b) Midplane crack growing in fill direction,

Figure 2. Concluded.
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(a) Midplane crack growing in warp direction.

Figure 3. 8-harness satin weave fabric in the stacked configuration.
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(b) Midplane crack growing in fill direction.

.... Figure 3. Concluded.
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Figure 9. Values of Glc of the 8-ply and 16-ply folded-configuration laminates tested in the warp direction.
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Figure 10. Values of Glc of the 8-ply and 16-ply folded-configuration laminates tested in the fill direction.
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Figure 12. Values of GIc Of the stacked-configuration laminates in both the Warp and the fill directions. :
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